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Abstract: Recently, the hysteresis motors have a special significance in the nuclear industries. This is because these
motors have some advantages such as low noise, high mechanical strength and group feeding ability. They also have some
disadvantages that make some limitations for related industries. These disadvantages include low synchronization torque,
low power factor, low eﬀiciency, and hunting. One solution to reduce these disadvantages is to combine the hysteresis
motor with the PM motor. This however requires a correct and flexible design procedure as well as an appropriate choice
of the machine structure. Accordingly, this paper aims to present a new design algorithm for a disc-type permanent
magnet hysteresis synchronous (PMHS) hybrid motor. The proposed design algorithm not only tries to retain the
positive features of the both motors in the resulted hybrid motor, but it also gives the user the option of determining the
percentage of the combination of the two motors. In other words, the user can determine the contribution of each motor
to the output power of the resulted motor. The proposed algorithm is finally validated through fabricating a prototype
disc-type PMHS motor and evaluating its performance by simulation and experiment.
Key words: PMHS motor, hysteresis motor, PM motor, design algorithm

1. Introduction
Hysteresis motors are usually constructed in small and very small powers and for high speed applications
[1]. Their rotors are made of high-hysteresis materials. These synchronous motors are self-starting. Some of
their significant advantages are high mechanical strength, low-noise level and uniform torque from start-up to
synchronization which made them suitable for high-speed applications such as the nuclear industries. Various
motors are used in nuclear centrifuges, the most common of which are BLDC motors and hysteresis motors.
The main problem with BLDC motors is that they require a rotor position sensor. This problem has severely
limited the group feeding of these motors. So for each BLDC motor, a drive is required. On the other hand,
the hysteresis motors do not require a rotor position sensor and therefore can be fed in groups. In addition,
due to the self-starting feature of hysteresis motors (rotor induction property), the rotor disc can also play
a damping role at synchronous speed. Also, low noise, simple and integrated structure and high mechanical
strength of rotor of the hysteresis motor rotor are among the reasons that have made the nuclear industry
interested. Beside these benefits, some drawbacks such as the very low level of output torque, low eﬀiciency and
low power factor have limited the related industries of hysteresis motors. Moreover, unlike other synchronous
motors, the hysteresis motor has no specific synchronization point, which causes low frequency oscillations
∗ Correspondence:

ali_behniafar@yahoo.com

1582
This work is licensed under a Creative Commons Attribution 4.0 International License.

BEHNIAFAR and DARABI/Turk J Elec Eng & Comp Sci

around the synchronous speed. This phenomenon is called hunting. To overcome these limitations, several
methods have been proposed so far. The most effective of them is the combination of hysteresis motor with
the other motors. The PM and reluctance motors are some synchronous motors used for combination with
hysteresis motors. The reluctance motors by themselves have low levels of output torque, eﬀiciency and power
factor. Hence, combining them with the hysteresis motor does not meet the combination goals properly. For
this reason, such structure has not drawn attention of the researchers. On the other hand, a PM motor has
a high level of output torque, eﬀiciency and power factor. So its combination with a hysteresis motor can
potentially yield a motor with a highly desirable performance. The challenge for this combination is that the
power densities of the PM motors are very high and those of the hysteresis motors are very low. Therefore,
their combination leads to many dimensional restrictions that will greatly affect the performance of the resulted
hybrid motor. In this paper, it has been demonstrated that such limitations can be resolved by choosing the
appropriate structure and flexible design. First it is useful to investigate briefly the most significant researches
published so far in this field. The PMHS motor was at first fabricated by Perov in 1959 [2]. That motor had a
cylindrical rotor, which was designed through installing the permanent magnets on the hysteresis ring. Perov
showed that the use of permanent magnets in the rotor of hysteresis motor eliminates many of its shortcomings
including low power factor, low eﬀiciency and oscillations around synchronous speed. In 1984, Rahman et al.
investigated the effect of adding samarium-cobalt permanent magnets to a cylindrical hysteresis motor [3]. They
also showed that the use of this magnet would yield a greater airgap excitation voltage than the other magnets
like Alnico 5, and eventually would improve the machine performance. Since the hysteresis rings are usually
made as foils, grooving the hysteresis ring and installing magnets on it, involves many diﬀiculties. Nevertheless,
the basic problem in the proposed motor structure of this paper is that the path of closing the magnet flux
has not been properly selected. In this structure, magnets have been placed in the radial direction, and on
the other hand, the magnet holder has been chosen from nonmagnetic materials, which weakens the flux of
the magnet. Moreover, in 1985, the steady state performance of the cylindrical hysteresis reluctance motor
with a new structure was investigated [4]. The magnetic saliency in this structure has been created through
grooving the inner surface of the hysteresis ring. The dominant relations on the reluctance hysteresis motor
were also extracted using the d-q axes theory. Then, by comparing the analytical and experimental results, it
was shown that the hysteresis reluctance motor has better characteristics in terms of eﬀiciency, power factor and
the maximum torque compared to the conventional hysteresis motor. In 1990, the dynamic and steady state
behaviors of the reluctance hysteresis motor with the structure introduced in [4] in the single-phase supplying
mode with phase-compensating capacitors was investigated [5]. In this study, the process of proper choosing of
compensating capacitors is presented to reduce the synchronization time. It was also shown that when the motor
is supplied with the single-phase power with proper phase balancing capacitors has an appropriate performance
rather than three-phase power supply. In 1991, Rahman built and patented the cylindrical permanent magnet
hysteresis motor through adding a permanent magnet to the hysteresis ring [6]. This structure has the same
characteristics as the structure of [3]. The PMHS motor with the same structure introduced in [6] was then
investigated in 1996 and its behavior was predicted using the state variables of the motor in the time domain
[7]. Such a method has been employed because the previous analytical methods (based on the rotor reference
frame and modeling of the permanent magnet and hysteresis materials by an electric motive force) cannot easily
characterize the machine behavior when the parameters are unbalanced or nonlinear. In 2003 [8], the magnetic
equivalent circuits of the d-q axes for the structure introduced in [6] was extracted, based on which, a control
strategy was designed for the PMHS motor. The model of the PMHS motor with the structure of [6] was then
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analyzed in [9] using the finite element method. In this research, the Potter’s and Schmulian’s model has been
used to approximate the hysteresis loop. In [10], a disc-type PMHS motor was introduced and manufactured. In
this reference, the analytical model of PMHS motor was presented and verified by experimental results. Also, in
[11] a numerical method was applied for analyses of steady state of the PMHS motor. Some other researches have
also been accomplished about the PMHS motor, which are briefly explained here. Rahman and Qin studied the
application of the PMHS motor versus the other motors for using in electric vehicles [12]. They also conducted
some researches on PMHS motor control [13, 14]. Nassiri et al. [15] and Lesani et al. [16] have published some
researches about the control of hunting phenomenon and fast control of PMHS motor respectively. In [17, 18],
the equivalent magnetic and electric circuits in the d-q system and also a control strategy were introduced for
a cylindrical permanent magnet hysteresis motor. It should be noted that in all the previous researches, there
has been no mention of the design of the PMHS motor and its dimensional limitations. Moreover, the magnets
used in these researches were made of the high-energy types or the low-energy types with large dimensions.
This intensifies the problem of unequal power density and thus makes the performance of the resulted hybrid
motor undesirable. It is clear that in a certain output power, the motors with different power densities have
different dimensions. Furthermore, the effect of one on the number of winding turns, stator core thickness, etc.
impairs the performance of the other. Hence their combination will not yield satisfactory results. In this paper
a new design algorithm for the disc-type PMHS hybrid motor is presented. In this algorithm, the contribution
ratio of combination is considered as input data of design that can resolve most of the problems of combination.
In this regard, in the next section, the disc-type structure of the studied PMHS motor is introduced and the
stages of the proposed design algorithm are described. The presented design algorithm has been implemented
for various contribution ratios, whose results are given in Section 3. In Section 4, based on the input data of the
design algorithm, a prototype disc-type PMHS motor has been designed and fabricated. Also the experimental
and analytical results of studied motor are compared to each other. Finally, the conclusion is given in Section
5.
2. Structure selection and design of the disc-type PMHS motor
So far, no design algorithms for the PMHS motor have been presented for any of its structures. Hence, in this
section, the design algorithm of the disc-type PMHS motor is presented and then a prototype disc-type PMHS
motor is designed. The proposed design algorithm allows the user to set the percentage of the influence of
each motor in the resulted hybrid PMHS motor. In other words, the user can specify the contribution ratio of
each of the two motors (hysteresis and PM) to the output power of the PMHS motor. Choosing an appropriate
structure is very significant because it has a great impact on retaining the essential advantages of the two motors
in the resultant hybrid motor. Various structures can be considered for PMHS motors. The structure discussed
in this paper is the same structure presented in [10]. It consists of a slotless stator with a thyroidal winding
and a rotor having two discs. One disc is made of hysteresis material and the other disc is assembled of the
magnets placed on the surface of a ferromagnetic holder. This structure is shown in Figure 1a.
Now, the design algorithm of the PMHS motor is presented considering the following assumptions:
1) The direction of the magnetic field in the airgaps is completely axial and in the hysteresis and magnet
holder discs is absolutely circumferential (Figure 1b).
2) The magnetic field in the hysteresis disc and the magnet holder disc has a uniform distribution along
axial direction.
3) The hysteresis loops of the rotor disc have been approximated by using a set of concentric ellipses.
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4) The design process is performed for steady state conditions with maximum synchronization torque.

Figure 1. a) Structure of the disc-type PMHS motor [10], b) flux direction in structure of disc-type PMHS motor.

The reason for choosing the fourth assumption is that in partial load conditions the operational hysteresis
loops do not match the main loops of the rotor material. This is because the operational hysteresis loops area
is proportional to the load torque and on the other hand, the maximum flux density is also proportional to
the input voltage. It means that in a constant input voltage, by variations of load, the operational hysteresis
loops will change. However, the fourth assumption will not cause much error because of the small range of
synchronous torque of the PMHS motors. In the following, the design procedure of the disc-type PMHS is
presented. The input data of the design algorithm determined by the user is given in Table 1.
Table 1. Input data of the design algorithm.

Description
Output power
Contribution ratio
Terminal voltage
Number of phases
Frequency
Rotor speed

Quantity
Pout
np
Vt
m
f
nm

Having the contribution ratio of the hysteresis motor np in the PMHS motor, the output power resulted
from the hysteresis disc can be calculated as follows:
Pout,Hys = np Pout .

(1)

The mechanical torque resulted from the hysteresis disc THys is formulated as:
THys =

Pout,Hys
.
2πf p2

(2)

For all hysteresis materials, the elliptic approximation of their hysteresis loops can be achieved by some
experiments. The specifications of the elliptic approximation of hysteresis loops for the hysteresis material used
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in this article are given in [10]. By choosing a value for the amplitude of magnetic flux density in hysteresis
disc Bm,Hys , all the parameters of the operational hysteresis loop of the PMHS motor corresponding to this
amplitude are obtained. These parameters include the magnetic permeability of the hysteresis disc µ , the
hysteresis delay angle α , and the area of the hysteresis loop Eh . Based on the relation given in [19] between
output torque of hysteresis motor THys , the volume of the hysteresis disc V , and the area of the elliptic
hysteresis loop Eh , V can be extracted here from THys and Eh as follows:
V =

4πTHys
.
pEh

(3)

Now, let Do and Di respectively represent the outer and inner diameters of hysteresis disc, or in other
words, the outer and inner diameters of the stator core and PM disc. Their ratio ( Di / Do ) is also denoted as λ
whose value is determined by empirical rules. By adopting an initial value for Do , an initial value is calculated
for Di :
Di = λDo .
(4)
Having the volume of the hysteresis disc from (3) as well as the value of λ and the initial value of Do ,
an initial value is calculated for the thickness of the hysteresis disc tr using the following equation:
tr =

4V
.
πDo2 (1 − λ2 )

(5)

If the value obtained for tr is reasonable magnetically and mechanically, the design procedure continues,
otherwise, the value of Do should be corrected. It is important to note that as the thickness of the hysteresis
disc decreases, the amplitude of magnetic flux density inside it increases. This makes the motor hysteresis loop
larger and consequently the motor torque, power factor and eﬀiciency increase. On the other hand, there are
many mechanical constraints in construction, heat treatment and assembly of a thin hysteresis disc. Therefore,
a trade-off must be made for adopting the appropriate values of Do and tr .
Now, let us calculate the number of turns of the equivalent sinusoidal winding per phase Ns . For this
purpose, it is necessary to consider its relation with the excitation voltage ef induced by the hysteresis disc in
the armature winding of phase ‘a’, as formulated in [10]:
ef = −

Ns Le tr Bm,Hys πωe
cos(ωe t − ϕ0 ).
2a

(6)

In which t, a, Le and ωe are time, number of parallel paths of each phase, radial length of the stator
( Ro − Ri ), and the electrical angular frequency, respectively. The phase angle ϕ0 , is also formulated as [10]:
2R

avg
π
pµ sinα
ϕ0 = + tan(−1) ( 2Ravg
2
cosα + gptr

pµ

),

(7)

2µ0 Ravg

where Ravg , g and µ0 are the average radius of hysteresis disc, airgap length and magnetic permeability
of air, respectively.
Let Ef be the peak amplitude of ef in (6). Then, by adopting an initial value for Ef , an initial value
is calculated for Ns using the following equation:
Ns =
1586

2aEf
.
Le tr Bm,Hys πωe

(8)
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The RMS value of armature current per phase is calculated as [10]:
√
Bm,Hys
Is =

2

r
( 2µgpt
) +(
0 Ravg

2Ravg 2
pµ )

+

√
mNs 2
2pa

2gtr
µ0 µ cosα

.

(9)

By adopting a rational value for the current density Js , the cross sectional area of conductors Scond is:
Scond =

Is
.
Js

(10)

Thus, by assuming a round conductor for stator windings, its diameter is calculated as:
√
dcond = 2

Scond
.
π

(11)

By choosing a reasonable value for the thickness of conductor insulation dinsu , the wire diameter is
obtained, and thus the number of winding layers Nlayer and the winding thickness Lw are calculated:
dwire = dcond + dinsu ,

(12)

2Ns mdwire
,
πDi

(13)

Nlayer =

Lw = Nlayer dwire .

(14)

In this way, the initial values of all the parameters of armature windings as well as the dimensional
specifications of hysteresis disc have been calculated. Now, let calculate the initial values of the dimensions of
the stator core and PM disc. According to the flux continuity law, the airgap flux density at the hysteresis disc
side Bg,Hys is obtained as follows:
Bg,Hys =

2Bm,Hys tr
.
2
p πRavg

(15)

Again, by using the flux continuity law and adopting a rational value for the amplitude of magnetic
flux density in stator core Bcs , the part of the stator core axial thickness through which the magnetic flux of
hysteresis disc passes Ls,Hys is calculated as follows:
Ls,Hys =

πBg,Hys Do (1 + λ)
.
4pBcs

(16)

The airgap flux density at the side of the PM disc can also be calculated from the following formula [20]:
Bg,P M =

√
2 2pPout,P M
πKw mf Ns Is ηDo2 (1 − λ2 )

(17)

In which η and Kw denote the eﬀiciency of the PM disc and winding factor, respectively. Also, Pout,P M
represent the contribution of the PM disc to the output power that is calculated as follows:
Pout,P M = (1 − np )Pout .

(18)
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Now, the axial length of PMs lpm is calculated as the root of the following equation [20]:
∞
∑

2Br
αi nπ
(
sin(
)
nπ
2
n=1,3,...

1−e
1−e

−2nπlpm
τp

−2nπ(g+lw +lpm )
τp

(e

nπ(−g−0.5lw )
τp

+e

−nπ(g+1.5lw )
τp

)) − Bg,P M = 0,

(19)

where Br is the remanence of PMs, and τp and αi stand for the pole pitch at the average radius and
the ratio of PM width (at the average radius) to τp , respectively. We have:
τp =

π
Ravg .
p

(20)

By using the flux continuity law for the third time, the part of the stator core axial thickness through
which the magnetic flux of PM disc passes Ls,P M is calculated as follows:
Ls,P M =

πBg,P M Do (1 + λ)
.
4pBcs

(21)

The total axial thickness of stator thus equals to:
(22)

Ls = Ls,Hys + Ls,P M .

To calculate the axial thickness of the magnet holder disc, we need the attainable flux density at the
surface of magnet attached to the back-iron Bu , which can be calculated as follows [20]:
2
Bu =
αi τp

∞
∑

−2nπ(g+lw )

−nπlpm

τp
4Br τp
(1 − e
)e τp
2 αi nπ
(
sin
(
)(1
−
−2nπ(g+l
w +lpm )
(nπ)2
2
τp
n=1,3,...
1−e

)).

(23)

Thereby, based on the flux continuity law and by adopting a reasonable value for the flux density
amplitude inside the magnet holder disc Bcr , the axial thickness of the magnet holder disc Lr is calculated as
follows:
παi Bu Do (1 + λ)
Lr =
.
(24)
8pBcr
Now the initial design process of the disc-type PMHS motor finishes. It should be remembered that all
the design parameters have been calculated above based on an initially adopted value of Ef . Having the values
of these parameters, the parameters of the equivalent circuit of the motor (according to that presented in [10])
are obtained. Then by establishing the equivalent circuit of the motor, it is verified whether the adopted value
of Ef yields the previously known terminal or not (This is measured by the condition of convergence error as
εv = 0.0001). If yes, the design process ends, otherwise, the value of Ef is modified and the procedure repeats
until this criterion is met. For better understanding, the flowchart of the design algorithm is displayed in Figure
2.
Regarding the convergence of the algorithm, for the 20% combination ratio np , convergence occurred
after 1150 iterations (for the other np values it was about the same). It should be noted that this number of
iterations also depends on the value of step of Ef (In the proposed algorithm, the bisection method is used, in
which, after each change of the error sign, the value of step of Ef is halved). Each convergence of this algorithm
1588

BEHNIAFAR and DARABI/Turk J Elec Eng & Comp Sci

takes about 3.5 hours (for a personal PC). This value will vary depending on the processor system. Most of this
time is spent calculating the machine leakage reactance. Due to the new structure of the machine and also to
achieve more accuracy, finite element software has been used to calculate the leakage reactance. Thus, in each
iteration, it is necessary to call the finite element software. Because the structure of the machine under study is
known as one of the new structures, accurate and reliable analytical relationships for its leakage reactance are
not provided. It can be said that the rest of the algorithm steps takes less than a few minutes.

Figure 2. Flowchart of the design algorithm of disc-type PMHS motor.

It should be noted that the proposed algorithm properly decreases the dimensional limitations in the
PMHS motor. In fact, this algorithm designs a HS motor and then designs a PM motor with dimensional
constrains created by the HS motor. Therefore, the dimensional conflict that exists in hybrid motors will
disappear.
3. Results of implementing the proposed design algorithm
In this section, the results of implementing the proposed algorithm in MATLAB for designing of a prototype
disc-type PMHS motor are presented. The input data of the design program are presented in Table 2. In this
design procedure, the contribution ratio is chosen 20 percent. The smaller the contribution ratio of hysteresis
torque in the output power, the smaller the size of the hysteresis disc and the lower the cost and manufacturing
constraints. On the other hand, if the hysteresis torque is too low, it will not be able to withstand the annoying
torques caused by the magnets and therefore cannot drive the motor to synchronous speed. Similarly, the higher
the contribution ratio of hysteresis torque in the output power, the more easily and in the shortest time the
1589
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motor will reach synchronous speed and hysteresis disc can also easily play the role of damper at synchronous
speed. However, increasing the hysteresis torque will also increase its dimensions. More specifically, as the
contribution ratio of hysteresis torque in the output power increases, we will need a hysteresis disc with a very
large diameter and thin thickness. The hysteresis disc, after the turnery operation, needs to be heated and
hardened so that its magnetic fields are formed and have the features of hysteresis. If the diameter of the disc
is very large and its thickness is thin, it will warp or crack during heat treatment. In addition, increasing the
contribution ratio of hysteresis torque means decreasing the contribution ratio of the magnet torque. This means
that the thickness of the magnets must also be very small, which is very expensive. Therefore, it is necessary to
make a compromise in the process of manufacturing this motor, which will have different results depending on
the application and the desired cost. With this explanation, in this paper, according to our practical experiences
as well as our existing equipment for manufacturing hysteresis discs and magnets, 20% has been selected for the
contribution ratio of hysteresis torque in the output power. It should be noted that this value can be selected
continuously in the range of 0 to 100. These explanations were added to text of manuscript. The hysteresis
disc is made of an appropriate hysteresis material with the commercial brand VCN-150, which is composed of
Fe-Cr-Ni-Mo-C alloy.
Table 2. Input data of the proposed design algorithm.

Description
Motor output power
Contribution ratio
Terminal voltage
Number of phases
Frequency
Rotor speed

Quantity
Pout = 200 W
np = 20 %
Vt,L−L = 130 V
m=3
f = 50 Hz
nm = 1500 rpm

After applying the input data of Table 2 to the proposed design algorithm, the resulted design parameters
are listed in Table 3. Now, the variations of the principal design parameters are analyzed while the contribution
ratio of hysteresis disc np changes. For this purpose, the prototype motor is designed based on the design
requirements of Table 2 while the value of np varies from 0.1 to 0.8 and the results are presented.
It should be noted that some parameters of the motor such as airgap length, the type of winding, its
connection, etc. are maintained constant while changing np . Figure 3 shows the variations in the dimensions of
the motor for the changes in np . It can be observed that as np increases, the dimensions of the PM rotor and
the total axial length of the motor decrease and the dimensions of the hysteresis disc and the external diameter
of the motor enlarge.
The resulted changes in the performance parameters of the motor while changing np are illustrated in
Figures 4 and 5. As shown in these figures, as np increases, the motor input current increases. The reason for
this is that as the average radius of the hysteresis disc increases, its equivalent impedance decreases. This is
also proved by (9). It is also apparent that when np increases, the behavior of the PMHS motor becomes more
similar to the hysteresis motor and its power factor and eﬀiciency decrease.
According to the results presented in this section, it can be concluded that depending on the application
of the PMHS motor, there should be a compromise in determining the contribution ratio. This can be achieved
by defining a suitable objective function and implementing an optimization process.
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Table 3. Principal results of the design algorithm of the disc-type PMHS motor.

Description
Number of winding turns per phase
Number of winding layers per phase
Number of turn per winding layer
Number of coils per phase
Connection type of armature windings
Type of armature winding
Coil pitch
Wire diameter
Inner diameter of hysteresis disc
Outer diameter of hysteresis disc
Thickness of hysteresis disc
Axial thickness of stator core
Remanence of PMs
Axial length of PMs
Axial thickness of magnet holder disc
Airgap length

Quantity
Ns = 368
Nlayer = 4
Nc = 92
Ncoil = 2
Star
Lapwinding
Complete
dwire = 0.7 mm
Di = 150 mm
Do = 250 mm
tr = 4 mm
Ls = 20 mm
Br,P M = 0.4 T
lpm = 5 mm
Lr = 10 mm
g = 1.2 mm

Figure 3. Variations of the motor dimensions while changing np , a) axial length of hysteresis disc, b) axial length of
PMs, c) axial length of magnet holder disc, d) outer diameter of the motor.
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Figure 4. Variations of the performance parameters of the motor while changing np , a) input current of the motor, b)
power factor, c) input power.

4. Results of simulation and experiments
In this section, the results of simulation and experiments are presented for a prototype disc-type PMHS motor
that is fabricated based on the input data of Table 3. Figure 6 shows the various components and the final
assembly of the manufactured PMHS motor. As indicated in this figure, the magnet holder disc is a ferromagnetic
material to transmit the flux of the magnets with minimal weakening. The hysteresis disc holder is made of a
nonmagnetic material, causing the flux to peripherally close its path in the hysteresis disc. The stator core is
also made using a rolled ferromagnetic sheet. It should be noted that both discs (hysteresis discs and PM discs)
are connected to each other through a common shaft rotating at an equal speed. As a result, the hysteresis disc
provides the starting torque for the PM disc.
In the following, the most important performance characteristics of the prototype motor, which are
derived from the analytical model and real tests in maximum synchronous torque conditions, are presented.
These characteristics are plotted for input voltages between 110 and 200 V. It is necessary to mention that the
proposed PMHS motor is line-start and in our test stages, it was directly supplied. To provide different voltage
levels, a tap-changer transformer has been used. In this method, after adjusting the transformer at a voltage of
the desired amplitude (frequency is constant and will be equal to 50 Hz), this voltage is applied directly to the
motor. After the motor reaches the synchronous speed, the motor is loaded by the DC generator (to achieve the
maximum load, in addition to the DC generator, frictional load is required). After reaching the maximum load
conditions, the values from the measuring devices are recorded. Due to the small torque range of the hysteresis
motors it needs high-tech measurement and loading tools to provide the maximum torque conditions but in this
work it has been attempted to achieve maximum torque conditions by applying more friction to the shaft.
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Figure 5. Variations of the performance parameters of the motor while changing np , a) iron losses, b) copper losses,
c) eﬀiciency.

The variations of the peak amplitude of the motor input current with respect to the terminal line voltage
obtained from the analytical model and experiment are illustrated in Figure 7. As can be seen from this
figure, increasing the input voltage will increase the input current. This is easily understood by referring to
the equivalent circuit of the machine (presented in [10]). The relation between the input power factor and the
terminal voltage is also shown in Figure 8. It should be noted that increasing the input voltage causes the
operational hysteresis loop of motor to become larger. This means that the behavior of the hybrid machine
tends towards the hysteresis motor, which leads to a reduction in the power factor. In the other word, as
the input voltage increases (and, consequently, increasing the maximum flux density), the value of equivalent
impedance of the hysteresis disc increases and its lag effect dominates the entire motor. Figure 9 displays the
three-phase input power variation curves versus the terminal voltage. The variations of the copper losses and
eﬀiciency of the motor versus its terminal voltage are also depicted in Figure 10 and Figure 11, respectively.
Noticeable increase occurred in eﬀiciency is counted as benefit of proposed method.
The reason for the difference between theoretical and experimental results can be stated as follows:
1) The stator MMF waveform is considered sinusoidally in theoretical relations. Applying this approximation will lead to significant simplicity in relationships and solving equations. It should be noted that due to
the increase in effective airgap in slotless structures, this approximation will not produce much error.
2) In theoretical calculations, the hysteresis loop of the rotor material is approximated by an ellipse. This
is done to avoid the complexity of the calculations and reduce the execution time of the algorithm. Accurate
models for the hysteresis loop approximation, such as the Preisach model, in addition to complicating the
calculations, sometimes lead to algorithm divergence.
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Figure 6. Various components and final assembly of the fabricated PMHS motor, a) disc-type stator core with thyroidal
winding, b) rotor set, c) the final assembly of disc-type PMHS motor, d) test stand.

3) Providing maximum synchronous torque conditions in practical tests is diﬀicult and therefore causes
errors in the results.These errors are greatly reduced by repeating several times the test.

Figure 7. Variations of input current versus terminal voltage.

The characteristics obtained from the analytical model and experiments show that as the input voltage
increases, due to the increase in the size of the operational hysteresis loop of the motor, its input current, input
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Figure 8. Variations of power factor versus terminal voltage.

Figure 9. Variations of input power versus terminal voltage.

Figure 10. Variations of copper loss versus terminal voltage.

Figure 11. Variations of motor eﬀiciency versus terminal voltage.

power and losses all increase. This consequence is valid for all types of hysteresis and PMHS motors.
Comparing the analytical and experimental results with those obtained from the design algorithm (in the
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previous section) for the terminal voltage of 130 V and the contribution ratio ( np ) of 0.2 obviously demonstrates
the validity of the proposed design algorithm.
5. Conclusion
Combining the hysteresis motor with permanent magnet motor can lead to a motor with unique features that
can overcome the limitations of the industries that are dependent on hysteresis motor. This goal is achievable
by the correct and flexible design and choosing an appropriate structure for the hybrid motor. So far, no design
algorithm for this hybrid motor has been presented in any reference. In this paper, a new design algorithm for
the disc-type PM-hysteresis hybrid motor was introduced. It has also been demonstrated that by using this
design algorithm and adopting the disc-type structure for the PMHS motor, the advantages of both hysteresis
and PM motors in the resulted hybrid motor can be retained. In addition, the proposed algorithm of this paper
provides the user the ability to determine the contribution ratio of each motor to the output power of the hybrid
motor. Therefore, the user can easily determine, based on the required application, the dominant influence of
each of two motors in the PMHS motor. The results of experiments and simulations strongly confirmed the
validity of the proposed design algorithm.
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